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Abstract
We examine dimension-six extensions of the standard electroweak Lagrangian
which are invariant under local SU(2)L × U(1)Y-transformations. The dimension-
four trilinear and quadrilinear effective interactions of the vector bosons with one
another are found to coincide with the vector boson interactions previously derived
from global SU(2) weak isospin symmetry broken by electromagnetism. Supplemen-
ting the model by a well-known dimension-six single-parameter quadrupole interaction
leads to the most general vector boson self-couplings that can be obtained by addi-
tion of dimension-six terms to the standard Lagrangian. We examine in some detail
another SU(2)L × U(1)Y-symmetric interaction which contains W3B mixing and mo-
difies both vector boson self-couplings and fermionic interactions. Independently of
being strongly constrained by the LEP 1 data, the addition of this interaction to the
above-mentioned non-standard ones does not change the form of the trilinear and
quadrilinear non-standard self-couplings of the vector bosons. Therefore, while being
interesting in itself with respect to LEP 1 physics, this term is irrelevant with respect
to the phenomenology of the vector-boson self-interactions.
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1 Introduction
The body of presently available data [1] on electroweak phenomena is in excellent agreement
with the predictions of the standard SU(2)L×U(1)Y electroweak theory [2]. The agreement
between theory and experiment is particularly noteworthy with respect to the LEP 1 data
which are precise enough to be sensitive to effects beyond the simple tree approximation of
the standard Lagrangian.
Concerning loop effects, it must be stressed, however, that the agreement between theory
and experiment is largely based on the well-understood QED contribution of fermion loops
to the photon propagator, the “running” of the electromagnetic fine structure constant,
i.e., α(M2Z) =
1
128.9
, and the violation of global SU(2) symmetry induced by the heavy-top-
quark-loop. Quantitatively, this is seen by comparing the exact one loop predictions with
the ones of the dominant-fermion-loop approximation [3, 4]. One finds that the contribution
of the MH-dependent bosonic loop corrections is of the order of magnitude of the LEP 1
experimental errors. The small bosonic loop corrections appear as a consequence of the
renormalizable non-Abelian SU(2)L×U(1)Y structure of the couplings of the vector bosons
with one another and the assumed existence of the Higgs scalar particle. The consistency
between theory and the LEP 1 precision data may thus be considered to be a major triumph
of the standard model, although the bosonic loop corrections have not been quantitatively
determined, as evidenced by the uncertainty in the Higgs-boson mass, MH , extracted from
the LEP 1 precision data.
The fact that the boson-loop vacuum-polarization effects and, accordingly, the trili-
near and quadrilinear couplings among the vector bosons are not precisely determined
by the LEP 1 data provides sufficient reason to perform direct measurements of the tri-
linear self-couplings in e+e− → W+W− [5, 6] and of the quadrilinear ones in e+e− →
W+W−Z,W+W−γ [7, 8]. Such a program can be started at LEP 2 and continued in the
more distant future at a linear e+e− collider with an energy of, e.g.,
√
s = 500GeV (NLC)
[9, 10].
On the other hand, even though any theory which correctly describes the interactions
of the vector bosons with the leptons and the quarks and which yields sufficiently small
deviations from the standard model in the sector of gauge-boson self-interactions would be
compatible with the LEP 1 data, it is evidently an important question to be asked, whether
at all we can think of alternatives to the standard-model couplings among vector bosons
which fulfil the LEP 1 constraints.
Some time ago, it was suggested (KMSS model [11, 12]) that vector-boson self-couplings
alternative to the standard ones can indeed be introduced with a certain amount of credi-
bility, provided a minimum amount of symmetry is required for the couplings in addition to
Lorentz invariance and electromagnetic gauge invariance. Restricting oneself to dimension-
four terms in the bosonic Lagrangian and requiring that global SU(2) weak isospin symmetry
be broken by electromagnetism only (by γ −W 3 current mixing, in particular), one easily
reconstructs the standard model in the fermion sector, but obtains an alternative to the
standard model for the trilinear couplings of the vector bosons to one another. While
Lorentz invariance and electromagnetic gauge invariance in general allow for three inde-
pendent dimension-four trilinear couplings among the vector bosons, the underlying global
SU(2) weak isospin symmetry in the KMSS model restricts the number of free couplings to
two independent ones. Dimension-four trilinear and quadrilinear self-couplings altogether
are described in terms of four free parameters. The standard SU(2)L × U(1)Y theory is
recovered for a specific choice of these four parameters.
In the present work, we will examine a dimension-six extension of the standard mo-
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del, which is invariant under local SU(2)L × U(1)Y transformations. It contains two free
coupling constants and the Higgs scalar doublet in an essential manner. We will find that
the trilinear couplings of the vector bosons to one another, and also the quadrilinear cou-
plings of the abovementioned KMSS model, provided certain qualifications are valid, are
precisely reproduced by this dimension-six SU(2)L ×U(1)Y invariant extension of the stan-
dard Lagrangian. Originally [11], no use of the Higgs scalar was made, deliberately, in the
ansatz for the KMSS Lagrangian. One may in fact even challenge the very idea of introduc-
ing dimension-six nonrenormalizable Higgs interactions, as the Higgs scalar was introduced
originally to assure renormalizability. Nevertheless, the introduction of non-standard Higgs
interactions in the KMSS model reduces the cut-off-dependent bosonic loop divergences in
physical quantities to logarithmic ones and, accordingly, protects its predictions from dis-
agreeing with the LEP 1 empirical data [13, 14]. On the other hand, in e+e− →W+W− and
e+e− → W+W−(γ, Z0), the non-standard couplings lead to deviations from the standard-
model predictions which increase with the square of the e+e− center-of-mass energy. The
KMSS model thus provides an excellent testing ground when empirically exploring the
vector-boson self interactions by measuring e+e− →W+W−, a reaction in which the Higgs
interactions are negligible. It will allow one to precisely quantify [6] to what extent future
data agree with, e.g., the standard-model predictions.
A more general model with non-standard couplings among the electroweak vector bosons
is obtained if the KMSS Lagrangian is extended by adding a dimension-six quadrupole inter-
action among the vector bosons. It is well known [15] that the appropriate use of non-Abelian
field-strength tensors allows one to introduce a quadrupole interaction which is invariant
under local SU(2)L × U(1)Y transformations and determined by a single free parameter for
both the γW+W− and the Z0W+W− interactions. We will convince ourselves that the
resulting three-free-parameter model is indeed the most general SU(2)L×U(1)Y -symmetric
dimension-six extension of the standard theory containing non-standard vector-boson self-
interactions, provided the vector-boson-fermion sector is required to remain unmodified and
higher derivatives as well as C- and CP - violating terms are excluded.
Another single-parameter dimension-six extension of the standard model, which, how-
ever, affects vector-boson fermion interactions apart from the interactions of the vector
bosons among each other, has recently received much attention [16]. Essentially it consists
of adding a W 3B current-mixing term to the standard Lagrangian. The mixing term is
accompanied by non-standard Higgs interactions and non-standard trilinear couplings of
the vector-bosons to one another in such a manner that the resulting interaction becomes
invariant under local SU(2)L ×U(1)Y transformations. We will demonstrate that the W 3B
current-mixing term in the Lagrangian can be removed by an appropriate diagonalization
procedure. Apart from the (standard and non-standard) interactions of the Higgs scalar
particle, the model, upon diagonalisation, turns out to be a revival of the Hung-Sakurai
Lagrangian [17]. This model in itself is of much interest, as it allows one to quantify [4, 18]
deviations from the standard SU(2)L × U(1)Y symmetry of vector-boson fermion interac-
tions. For e+e− → W+W−, the Hung-Sakurai model leads to a fairly decent high-energy
behaviour [17], a feature rediscovered in [16] and erraneously uniquely associated with the
local SU(2)L×U(1)Y symmetry obtained when introducing non-standard Higgs interactions
in addition to formulating W 3B current mixing with the non-Abelian W-field tensor. The
additional Higgs interactions are irrelevant, however, for the behaviour of the cross section
for e+e− → W+W−. Quite apart from the fact that W 3B mixing is strongly constrained
[4, 16, 18] by the LEP 1 data, it will be shown that the omission of an additional W 3B
mixing term does not lead to any loss of generality concerning the empirical implications
of the aforementioned general three-parameter model with respect to non-standard vector-
2
boson self-couplings, since the form of the relations among the non-standard couplings is
independent of the presence of LWB.
In section 2, we briefly review the parametrization of the trilinear couplings of the vec-
tor bosons among one another. In section 3, we rederive the KMSS model by extending
the standard model by interaction terms, which are invariant under local SU(2)L × U(1)Y
transformations. In section 4, we add the SU(2)L × U(1)Y-invariant quadrupole term to
the Lagrangian and comment on the generality of the so-defined three-free-parameter La-
grangian. Various additional terms can be disregarded, as they can simply be removed by
field and coupling-constant redefinitions. The recent claim [16] that certain non-standard
terms are a priori “unnatural” is commented upon. Section 5 is devoted to a thorough
discussion of the W 3B current-mixing extension of the standard model. Final conclusions
will be drawn in section 6.
2 Parametrization of Trilinear Vector-Boson Self-
Couplings
If we disregard the theoretically somewhat remote CP-violating couplings 1 of the vector
bosons with one another and a C-violating anapole term, the most general trilinear couplings
of electroweak vector bosons are contained in the effective Lagrangian (e.g., [20])
L3GB = −ie[Aµ(W−µνW+ν −W+µνW−ν ) + κγAµνW+µW−ν ]
−iegZWW [Zµ(W−µνW+ν −W+µνW−ν ) + κZZµνW+µW−ν ]
+ie
λγ
M2W
A νµ W
−λ
ν W
+µ
λ
+ie
cos θW
sin θW
λZ
M2W
Z νµ W
−λ
ν W
+µ
λ , (2.1)
where W+µν = ∂µW
+
ν −∂νW+µ , etc., and gZWW , κγ and κZ denote the ZW+W− coupling and
the electromagnetic and weak dipole moment, respectively. The strengths of the dimension-
six quadrupole terms, not present in the standard model, are denoted by λγ and λZ . It is
convenient to rewrite (2.1) in a form [6] which is linear in the deviations from the standard
couplings (given by gZWW =
sin θW
cos θW
, κγ = κZ = 1 and λγ = λZ = 0), i.e.,
L3GB = −ie[Aµ(W−µνW+ν −W+µνW−ν ) + AµνW+µW−ν]
−iexγAµνW+µW−ν
−ie(cos θW
sin θW
+ δZ)[Zµ(W
−µνW+ν −W+µνW−ν ) + ZµνW+µW−ν ]
−iexZZµνW+µW−ν
+ie
yγ
M2W
A νµ W
−λ
ν W
+µ
λ
+ie
yZ
M2W
Z νµ W
−λ
ν W
+µ
λ (2.2)
where
δZ = gZWW − cos θW
sin θW
,
1Compare, however, ref. [19] for an unambiguous empirical test of CP invariance via comparison of
certain W+ and W− density-matrix elements.
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xγ = κγ − 1,
xZ = gZWW (κZ − 1),
yγ = λγ,
yZ =
cos θW
sin θW
λZ . (2.3)
In (2.1) to (2.3) sin θW ≡ eg , where e is the electromagnetic coupling strength and g denotes
the coupling of the W -field to the weak isospin current. Non-standard trilinear couplings
will be expressed in the form (2.2) in the subsequent sections.
3 The KMSS Model
Several years ago, a model of trilinear and quadrilinear vector-boson self-interactions was
suggested [11] which contains four free parameters, two of these in the trilinear sector. The
model is based on the minimal set of assumptions necessary for an empirically succesful
description of the vector-boson–fermion interactions. It extrapolates into the bosonic sector
of the theory. In the bosonic sector all dimension-four interactions among vector bosons
which fulfil a global SU(2) weak-isospin symmetry are allowed. This symmetry is broken by
the (primordial) photon, in particular via mixing in the neutral sector. For an appropriate
choice of the mixing strength, one recovers the standard vector-boson–fermion interactions,
but obtains non-standard interactions of the vector bosons with one another. The latter
ones are given by [11]
LKMSS = −ieAµ(W−µνW+ν −W+µνW−ν )− ieκγAµνW+µW−ν
+i
(
e
sin θW
cos θW
− gˆ
cos θW
)
Zµ(W
−µνW+ν −W+µνW−ν )
+i
(
eκγ
sin θW
cos θW
− gˆ
cos θW
)
ZµνW
+µW−ν
−e2(AµAµW+ν W−ν −AµAνW+µW−ν)
+2e
(
e
sin θW
cos θW
− gˆ
cos θW
)
(AµZ
µW+ν W
−ν − 1
2
AµZν(W
+µW−ν +W−µW+ν))
−
[
e
(
e
sin2 θW
cos2 θW
− 2gˆ sin θW
cos2 θW
)
+
ˆˆg
cos2 θW
]
(ZµZ
µW+ν W
−ν − ZµZνW+µW−ν)
− g˜
cos2 θW
ZµZ
µW+ν W
−ν − g˜
4 cos2 θW
ZµZ
µZνZ
ν
+
1
2
ˆˆg(W+µ W
−
ν W
+µW−ν −W+µ W−ν W−µW+ν)− g˜W+µ W−ν W−µW+ν . (3.1)
This Lagrangian contains an arbitrary coupling constant, gˆ, which characterizes the strength
of the SU(2)-invariant trilinear vector boson self-interactions as well as an arbitrary magnetic
dipole moment of the W± boson, κγ , and two parameters, ˆˆg and g˜, which appear in the
quadrilinear interaction terms only. The trilinear part of (3.1) is easily seen to have the
form (2.2) with
δZ =
sin θW
gˆ
e − 1
cos θW sin θW
,
xγ = κγ − 1, (3.2)
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while xZ is related to xγ via
xZ = −xγ sin θW
cos θW
. (3.3)
The quadrupole interactions are absent in (3.1), i.e. yγ = yZ = 0. Relation (3.3) is a
consequence of requiring global SU(2) symmetry in the limit of vanishing coupling of the
W± to the (primordial, unmixed) photon. Relation (3.3) can only be violated at the expense
of allowing for an extra isolated term of the form
W 3µνW
+µW−ν (3.4)
which violates SU(2) symmetry intrinsically, i.e., independently of the presence of the (pri-
mordial) photon field in the neutral sector. To summarize, the trilinear couplings in the
KMSS model are characterized by two free parameters, δZ and xγ , and the relation (3.3)
expressing xZ in terms of xγ .
We turn to a reconstruction of the KMSS Lagrangian (3.1) from a gauge-invariant ex-
tension of the standard model. In particular, we consider the Lagrangian
Leff = LSM + ǫWΦ g
M2W
LWΦ + ǫBΦ g
′
M2W
LBΦ, (3.5)
containing the two SU(2)L × U(1)Y -symmetric dimension-six terms2
LWΦ = i tr [(DµΦ)†W µν(DνΦ)] (3.6)
and
LBΦ = −1
2
i tr [τ3(DµΦ)
†(DνΦ)]B
µν . (3.7)
Here, Φ denotes the standard complex scalar Higgs doublet field,
Φ =
1√
2
((v +H)1+ iϕiτi). (3.8)
Its covariant derivative is given by
DµΦ = ∂µΦ + igWµΦ− i
2
g′Φτ3Bµ, (3.9)
where
Wµ =
1
2
Wµiτi, (3.10)
denotes the non-Abelian vector field, and
Wµν = ∂µWν − ∂νWµ + ig[Wµ,Wν ],
Bµν = ∂µBν − ∂νBµν (3.11)
are the field strength tensors. As usual, g′ denotes the U(1)Y coupling, g
′ = e
cos θW
. Passing
to the physical photon and Z0 fields in (3.5), one finds that indeed the trilinear boson sector
has the form (2.2) with
δZ =
ǫWΦ
sin θW cos θW
,
xγ = ǫWΦ + ǫBΦ, (3.12)
2Both interactions, (3.6) and (3.7), are contained in the systematic classification of non-standard inter-
action terms given in [21].
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and the constraint
xZ = −xγ sin θW
cos θW
, (3.13)
which is identical with (3.3). The trilinear vector-boson interactions described by the
SU(2)L × U(1)Y-invariant Lagrangian (3.5) indeed coincide with the trilinear vector-boson
interactions of the KMSS model, (3.1), based on global SU(2) symmetry broken by electro-
magnetism. This result is of no surprise, as the dimension-six interactions (3.6) and (3.7)
upon spontaneous symmetry breaking fulfil the requirement of restoration of global SU(2)
symmetry for vanishing hypercharge coupling constant, g′. Indeed, the contribution of LBφ
to the Lagrangian (3.7) vanishes in this limit, while the trilinear couplings contained in LWφ
have the form
~W µν( ~Wµ × ~Wν), (3.14)
i.e., there is no isolated term of form (3.4) present, which would violate SU(2) symmetry
intrinsically3.
The quadrilinear couplings contained in the Lagrangian (3.5) (apart from terms of order
δ2Z) coincide with the special case of the KMSS model obtained by imposing the conditions
ˆˆg = gˆ2,
g˜ = 0 (3.15)
which reduce the number of four free parameters to two independent ones, δZ and xγ .
Using the connection (3.12) between the parameters δZ , xγ and ǫWφ, ǫBφ, the Lagrangian
(3.5) may be rewritten in a form which directly allows one to read off its properties with
respect to the trilinear boson couplings,
L = LSM + g
M2W
(
δZ sin θW cos θWLWφ + (xγ sin θW
cos θW
− δZ sin2 θW )LBφ
)
. (3.16)
Two special cases are worth noting. The omission of the interaction of the hypercharge
field [7], LBφ, corresponds to
xγ = δZ sin θW cos θW (3.17)
and, upon using (3.13),
xZ = −δZ sin2 θW (3.18)
and reduces the model to a single-parameter (δZ) model for trilinear and quadrilinear in-
teractions among the vector bosons. In this case, trilinear and quadrilinear interactions of
the vector bosons with one another are such that [22] the most strongly unitarity-violating
terms of order s2 in tree amplitudes for the scattering of massive vector bosons are absent.
Equivalently, quartic divergences in one-loop corrections to the ρ-parameter [23] (without
any Higgs contribution) are absent if (3.17) is imposed. It was originally this requirement
of a (moderately) decent high-energy and loop behaviour by which the condition (3.17) was
introduced (BKS model, [22, 23]) in the KMSS model.
A second special case of (3.16) amounts to the omission of LWφ via
δZ = 0. (3.19)
In this case xγ only and xZ = −xγ(sin θW/ cos θW ) remain as non-standard couplings.
3Note that a term of the form (3.4) can only be obtained by introducing an additional dimension-eight
interaction into the Lagrangian, which is given by i tr [τ3(DµΦ)
†(DνΦ)] tr [Φ
†WµνΦτ3] [27]. This term indeed
yields an extra term of the form (3.4), which violates SU(2) symmetry intrinsically.
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With respect to the quadrilinear coupling strengths we noted that the SU(2)L ×U(1)Y-
symmetric Lagrangian (3.5) yields a two-parameter reduction of the quadrilinear couplings
in (3.1) which is characterized by the constraints (3.15). For completeness, we remark that
the more general four-parameter Lagrangian (3.1) for the couplings of the vector bosons
among each other can also be obtained within an SU(2)L×U(1)Y symmetric ansatz, at the
expense, however, of allowing for dimension-eight terms. One has to add the terms
ǫDΦ,1
M4W
LDΦ,1 = − ǫDΦ,1
4M4W
tr (DµΦ
†DνΦ) tr (D
µΦ†DνΦ)
ǫDΦ,2
M4W
LDΦ,2 = − ǫDΦ,2
4M4W
tr (DµΦ
†DµΦ) tr (DνΦ
†DνΦ) (3.20)
to the Lagrangian (3.5) with the identification
ǫDΦ,1 = 2gˆ
2 − ˆˆg,
ǫDΦ,2 = g˜ − 2gˆ2 + ˆˆg. (3.21)
In summary, the trilinear and (special values of) the quadrilinear couplings of the vec-
tor bosons of the KMSS model are recovered from a Lagrangian which is invariant under
local SU(2)L × U(1)Y transformations at the expense of introducing dimension-six terms
containing non-standard interactions involving the Higgs particle. The interactions of the
Higgs scalar are obviously irrelevant for the predictions of the KMSS model for W+W−
production in e+e− annihilation at LEP2- and higher energies. They are of relevance,
however, as far as vector boson loops within the KMSS model are concerned. A recent
analysis [13, 14] of loop contributions indeed has explicitly verified that only (mild) loga-
rithmic dependences on the (necessary) cutoff Λ remain at the one-loop level4, apart from a
quadratic dependence on the Higgs-boson mass, M2H . By supplementing the non-standard
two-free-parameter vector-boson interactions of the KMSS model with appropriately chosen
non-standard Higgs couplings, one indeed protects the one-loop predictions of the KMSS
model from disagreeing with the LEP1 precision data (provided realistic choices of the Higgs
mass, MH ≤ 1TeV, are adopted).
In the dimension-six extension of the KMSS model we restricted ourselves to the standard
linear realization of the SU(2)L × U(1)Y symmetry, spontaneously broken via the Higgs
mechanism. It seems appropriate to add a remark on the alternative of realizing the SU(2)L×
U(1)Y symmetry in a non-linear way [25, 26, 28]. Such a non-linear representation is obtained
by replacing the Higgs doublet Φ in (3.6) and (3.7) by an expression which is nonpolynomial
in the pseudo-Goldstone fields, via
Φ ≡ 1√
2
((v +H)1+ iϕiτi)→ U ≡ v√
2
exp
(
iϕiτi
v
)
. (3.22)
The model obtained via this substitution in (3.6) and (3.7) is symmetric under local SU(2)L×
U(1)Y transformations without containing a physical Higgs particle, and the KMSS model
is now obtained by choosing the unitary gauge. Due to the absense of the Higgs scalar,
this formulation of the model leads to quadratic divergences at the one-loop level in LEP I
observables. The aforementioned quadratic dependence [13, 14] of the loop corrections on
the Higgs boson mass, M2H , is converted into a Λ
2 divergence, since the nonlinear model is
the limit of the linear model for MH →∞.
4According to a most recent analysis in ref.[24], obtained after completion of the present work, this point
can even be strengthened. In [24] it is shown that the logarithmic divergences can indeed be absorbed in
the renormalization of (standard and non-standard) couplings in the Lagrangian. Even though the relevant
non-standard couplings are strongly restricted by the LEP 1 results, practically no conclusion can be drawn
on the vector-boson self-couplings, unless one imposes additional assumptions about certain bare couplings.
7
4 The General Three-Parameter Model
4.1 The Three-Parameter SU(2)L×U(1)Y-Symmetric Model
Supplementing the Lagrangian (3.5) by a well known quadrupole term [15] constructed from
the non-Abelian field-strength-tensor Wµν (3.11),
LW = −2
3
i tr (W νµ W
λ
ν W
µ
λ ), (4.1)
we obtain
Leff = LSM + ǫWΦ g
M2W
LWΦ + ǫBΦ g
′
M2W
LBΦ + ǫW g
M2W
LW . (4.2)
It turns out that ǫW in (4.2) is identical to yγ in (2.2),
yγ = ǫW , (4.3)
while [15]
yZ = yγ
cos θW
sin θW
. (4.4)
We note that the loop effects on LEP 1 observables due to the quadrupole interaction
(4.1) were recently examined in [16]. As expected from the underlying local SU(2)L×U(1)Y
symmetry, an only mild logarithmic cut-off dependence remains after renormalization. In
this sense all three non-standard interactions in (4.2) are equivalent to each other, even
though, on the other hand, LWΦ and LBΦ lead to a quadratic dependence of LEP 1-
observables on M2H , while (obviously) no MH -dependence is present in the loop corrections
from LW .
We will convince ourselves that the addition of the quadrupole interaction to the KMSS
model yields the most general5 SU(2)L × U(1)Y-symmetric dimension-six extension of the
standard model as far as the interactions of the vector bosons with one another are con-
cerned, provided a few restrictive assumptions are introduced to be specified immediately.
When claiming the generality of (4.2), we are restricting ourselves to adding C- and CP-
conserving interactions only. Interactions containing higher derivatives are omitted, and we
have obviously restricted ourselves to deviations from the standard model which leave the
empirically well-known fermion interactions untouched.
The omission of a few particular terms in (4.2), nevertheless, needs to be discussed when
claiming generality of (4.2). First of all, there are two dimension-six terms
LWW,1 = −1
4
tr (Φ†Φ) tr (WµνW
µν), (4.5)
LWW,2 = −1
2
tr (Φ†WµνW
µνΦ), (4.6)
which contain the non-Abelian field-strength tensor Wµν . By carrying out a suitable redef-
inition of the W field and of the coupling g, the terms (4.5) and (4.6) can be shown to be
reduced to non-standard interactions containing the Higgs scalar, while neither the fermionic
5Any effective Lagrangian with arbitrary self interactions can be embedded into an SU(2)L × U(1)Y
symmetric framework [27, 26, 28] provided terms of dimension higher than six are allowed. The restriction to
dimension-six terms is motivated by simplicity. Moreover, terms of higher dimension, despite an underlying
gauge symmetry, presumably imply more seriously divergent loop contributions, or rather higher powers of
the Higgs mass in observables, and are theoretically and phenomenologically disfavoured.
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interactions nor the interactions of the vector bosons among each other are affected. The
terms (4.5) and (4.6) can be neglected without loss of generality.
Another interesting dimension-six interaction is given by
LWB = −1
4
tr (Φ†WµνΦτ3)B
µν . (4.7)
It contains W 3B mixing and in addition a non-standard BW+W− interaction (apart from
non-standard Higgs terms). As mentioned in the introduction, this interaction, when added
to the standard Lagrangian, yields the Hung-Sakurai electroweak model [17] supplemented
by non-standard Higgs interactions. The term (4.7) is of interest with respect to LEP 1
physics (in fact, its strength is strongly suppressed [4, 18] from LEP 1 data), but irrelevant
with respect to non-standard boson couplings, as its addition to (4.2) leaves the form of the
non-standard vector-boson self-interactions unchanged. This will be discussed thoroughly
in section 5.
With respect to the point of view recently expressed, that the interactions LWΦ, LBΦ
and LW are “contrived” [14] and “unnatural” [16], a few additional comments may be
appropriate. As an example, we consider LWΦ as defined by (3.6). Identical arguments can
be given for LBΦ and LW . The physical content of the theory described by the Lagrangian
L = LSM + ǫWΦ g
M2W
LWΦ (4.8)
remains invariant if the W µ field is replaced by
W µi →W µi −
i
2
ǫWΦ
g
M2W
tr [Φ†τi(D
µΦ)]. (4.9)
The invariance of the theory is due to the fact that a field transformation in the path integral
does not change the theory6. To order ǫWΦ, the substitution (4.9) yields the Lagrangian
L = LSM + ǫWΦ g
M2W
{
g′LWB − gLWW,2
−1
8
g[ tr (Φ†τi(DµΦ))][ tr ((D
µΦ†)τiΦ)− tr (Φ†τi(DµΦ)) + 2iΨ¯LγµτiΨL)]
}
+O(ǫ2
WΦ
) + δ4(0) terms (4.10)
which is equivalent to (4.8), even though it looks rather complicated. Formula (4.10) and
similar ones for LBΦ and LW were given in [16]7.
While LWΦ, according to its definition (3.6), only yields bosonic loop effects on LEP 1
observables, the form (4.10) of the Lagrangian now suddenly contains terms which, taken by
themselves, contribute at tree level to LEP 1 observables, since they involve non-standard
fermion interactions. One may explicitly convince oneself that the tree-level effects of (4.10)
on LEP 1 observables cancel, as obviously implied by the equivalence of (4.8) and (4.10). The
fact that the interactions LWB and the fermionic term in (4.10), when individually analyzed,
are strongly suppressed by the LEP 1 empirical results thus appears to be irrelevant for
the strength and possible presence of LWΦ. In other words, from the fact that certain
fermion–boson terms are absent one can hardly deduce that also purely non-standard bosonic
6This holds apart from δ4(0)-terms, which arise from the Jacobian of the transformation.
7The fact that (4.10) is obtained by inserting the equations of motion [16] into the Lagrangian does
not provide a sufficient justification for the validity of (4.10). Since the equations of motion must not be
substituted into the Lagrangian, one has, instead, to perform the field transformation (4.9) to obtain the
result (4.10) [29].
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interactions are absent in nature. Indeed, it is not a priori excluded that precisely the purely
bosonic sector in which the non-Abelian structure of the gauge group and the spontaneous
symmetry breaking via the Higgs mechanism are manifest deviates from orthodoxy. Direct
empirical tests of the boson sector seem unavoidable. Moreover, we note that an interaction
term, such as LWΦ (3.6), can hardly be considered as “unnatural” [16], simply because, by
a fairly involved field transformation, it can be cast into a lengthy and awkward form, such
as (4.10).
4.2 Non-Standard Gauge-Boson Interactions
In this section, we briefly collect the various standard and non-standard interactions implied
by the three-parameter Lagrangian (4.2). We will use the parameters δZ , xγ and yZ , which
are related to the couplings ǫWΦ, ǫBΦ and ǫW by (3.12) and (4.3). We will restrict ourselves
to the relevant trilinear and quadrilinear boson couplings (in the unitary gauge, ϕa ≡ 0).
Multi-particle vertices of fairly remote significance are not listed.
4.2.1 Trilinear Gauge-Boson Self-Interactions
The trilinear couplings are parametrized as in (2.2). With (3.3) and (4.4) one finds in terms
of δZ , xγ and yγ
L3GB(δZ , xγ, yγ) = −ie[Aµ(W−µνW+ν −W+µνW−ν ) + AµνW+µW−ν ]
−ie(cos θW
sin θW
+ δZ)[Zµ(W
−µνW+ν −W+µνW−ν ) + ZµνW+µW−ν]
−iexγ
(
AµνW
+µW−ν − sin θW
cos θW
ZµνW
+µW−ν
)
+ie
yγ
M2W
(
A νµ W
−λ
ν W
+µ
λ +
cos θW
sin θW
Z νµ W
−λ
ν W
+µ
λ
)
. (4.11)
The three-gauge-boson interaction differs from the standard model in the overall normali-
zation of the Z0 coupling and in the non-standard dipole and quadrupole terms, in which
the relative strengths of the Z0 and γ couplings are fixed, however.
4.2.2 Quadrilinear Gauge-Boson Self-Interactions
LBΦ does not contain quadrilinear gauge-boson self-interactions. Thus, the non-standard
quadrilinear couplings only depend on ǫWΦ and ǫW or, alternatively, by use of (3.12) and (4.3),
on δZ and yγ. LWΦ simply changes the coupling constants of the Yang–Mills interactions,
while LW yields extra couplings containing field strength tensors,
L4GB(δZ , yγ) = −e2(AµAµW+ν W−ν −AµAνW+µW−ν)
−2e2 cos θW
sin θW
(
1 + δZ
sin θW
cos θW
)
(AµZ
µW+ν W
−ν − 1
2
AµZν(W
+µW−ν +W−µW+ν))
−e2 cos
2 θW
sin2 θW
(
1 + 2δZ
sin θW
cos θW
)
(ZµZ
µW+ν W
−ν − ZµZνW+µW−ν)
+e2
1
2 sin2 θW
(1 + 2δZ sin θW cos θW )
10
(W+µ W
−
ν W
+µW−ν −W+µ W−ν W−µW+ν)
+e2
yγ
M2W
{
[AµA
µλ(W+νW−νλ +W
−νW+νλ)
+AµAνλ(W
+νW−λµ +W−νW+λµ)]
+
cos θW
sin θW
[(AµZ
µλ + ZµA
µλ)(W+νW−νλ +W
−νW+νλ)
+(AµZνλ + ZµAνλ)(W
+νW−λµ +W−νW+λµ)]
+
cos2 θW
sin2 θW
[ZµZ
µλ(W+νW−νλ +W
−νW+νλ)
+ZµZνλ(W
+νW−λµ +W−νW+λµ)]
+
1
sin2 θW
(W+µ W
+µλW−νW−νλ −W+µ W−µλW−νW+νλ)
}
. (4.12)
4.2.3 Interactions of two Gauge Bosons and one or two Higgs Scalars
LW does not contain Higgs terms, i.e. the non-standard interactions involving the Higgs
particle depend on δZ and xγ only. The interaction terms LWΦ and LBΦ extend the standard
couplings of WWH(H) and ZZH(H) by couplings involving one field-strength tensor and
a derivative of the Higgs field, and they give rise to new ZγH(H) vertices in addition,
L2GB,1H(δZ , xγ) = e 1
sin θW
MWW
+
µ W
−µH + e
1
2 sin θW cos2 θW
MWZµZ
µH
+e
1
MW
δZ cos θW (W
+
µνW
−µ +W−µνW
+µ)∂νH
+e
1
MW
(
2δZ sin θW − xγ 1
cos θW
)
AµνZ
µ∂νH
+e
1
MW
(
δZ
(
cos θW − sin
2 θW
cos θW
)
+ xγ
sin θW
cos2 θW
)
ZµνZ
µ∂νH,(4.13)
L2GB,2H = e2 1
4 sin2 θW
MWW
+
µ W
−µH2 + e2
1
8 sin2 θW cos2 θW
MWZµZ
µH2
+e
1
2MW
δZ
cos θW
sin θW
(W+µνW
−µ +W−µνW
+µ)(∂νH)H
+e2
1
2M2W
(
2δZ − xγ 1
sin θW cos θW
)
AµνZ
µ(∂νH)H
+e2
1
2M2W
(
δZ
(
cos θW
sin θW
− sin θW
cos θW
)
+ xγ
1
cos2 θW
)
ZµνZ
µ(∂νH)H. (4.14)
4.3 Leading Amplitudes for e+e− →W+W−
The effective Lagrangian (4.2) spoils the decent (O(s0)) high-energy behaviour of the tree-
level helicity amplitudes for e+e− → W+W− as given in the standard model. The helicity
amplitudes for arbitrary parameters δZ , xγ , xZ , yγ and yZ as defined in (2.2) may be found
in [6] and [9]. Using the constraints (3.3), (4.4), we list the tree amplitudes to O(
√
s) and
higher.
For equal transverse polarizations of the W ’s and lefthanded electrons the leading am-
plitude
M++ =M−− = g
2
8
sinϑ
s
M2W
yγ (4.15)
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depends on the quadrupole term, only. For righthanded electrons the amplitude is O(s0).The
amplitude for two W ’s with opposite transverse polarizations is also O(s0). The amplitude
for two longitudinally polarized W ’s,
MσLL = −
e2
2
σ sin ϑ
s
M2W
[
xγ +
(
sin θW
cos θW
xγ − δZ
)
(a− 2bσ)
]
, (4.16)
gets no contribution from the quadrupole term and is determined by the modifications of
the Yang-Mills couplings, δZ and xγ . It has the same high energy behaviour as the ampli-
tude (4.15) for equal transverse polarizations. For one longitudinally and one transversely
polarized W the amplitude
MLT = − e
2
2
√
2
σ(τ cosϑ− 2σ)
√
s
MW
[
xγ + yγ +
(
xγ
sin θW
cos θW
− 2δZ − yγ cos θW
sin θW
)
(a− 2bσ)
]
,
(4.17)
with τ = +1 for W+(+) or W−(−),
τ = −1 for W+(−) or W−(+), (4.18)
(where the signs in parentheses after theW± denote the helicities of theW±) is only O(
√
s).
In the above formulae, a and b are the vector and axial couplings of the Z0 given by
a =
1
4 sin θW cos θW
(
−1 + 4 sin2 θW
)
, b = − 1
4 sin θW cos θW
, (4.19)
σ = −1
2
, 1
2
for lefthanded and righthanded electrons, respectively, and ϑ is the center of mass
scattering angle.
From (4.15) and (4.16) we conclude that even with the constraints (3.3) and (4.4) there
is always at least one amplitude which grows as O(s), unless all three parameters δZ , xγ and
yγ are simultaneously zero. Thus, the effects of the model we consider lead to a cross section
for e+e− → W+W− which grows as s in the terms bilinear (quadratic) in δZ , xγ and yγ and
is O(s0) in the linear terms, while in the standard model the cross section decreases as s−1.
The sensitivity to non-standard couplings increases substantially with increasing energy.
5 The Term LWB
The interaction term LWB in (4.7) contains mixing in the neutral gauge-boson sector,
W 3µνB
µν , as well as non-standard trilinear interactions, W+µ W
−
ν B
µν , between the B field
and the charged vector bosons. It also contains non-standard Higgs-interactions. We will
see that the Lagrangian resulting by adding LWB to the standard Lagrangian, apart from
the non-standard Higgs-interactions, coincides with the Hung-Sakurai model [17]. In other
words, the term LWB essentially yields an extension of this latter model which is invariant
under local SU(2)L×U(1)Y transformations quite similar to the terms LWΦ and LBΦ which
yield a locally invariant extension of the KMSS model.
5.1 W3µνB
µν Mixing
To start with, we concentrate on the W 3µνB
µν mixing term and the corresponding modifi-
cation of the W±Z0 mass relation and the fermionic couplings of the vector-bosons. In the
12
Lagrangian
LSM+WB = LSM + ǫWB g
2
M2W
LWB,
where LWB = −1
4
tr (Φ†WµνΦτ3)B
µν , (5.1)
we consider that part which describes the vector-boson–fermion interactions and the terms
quadratic in the gauge-boson fields,
LSM+WB,eff = −1
4
W iµνW
µν
i −
1
4
BµνB
µν +M2WW
+
µ W
−µ − gW iµJµi − g′BµJµY
+
1
2
M2W (B W
3)µ


(
g′
g
)2
−g
′
g
−g
′
g 1


(
B
W 3
)
µ
− ǫWB
2
W 3µνB
µν . (5.2)
The Lagrangian contains a mass mixing (W µ3 Bµ) term and a current-mixing (W
µν
3 Bµν) term.
In (5.2), the basic parameters are MW , g, g
′ and ǫWB.
We will see that an appropriate transition to transformed fields, W ′3µν and B
′
µν , as well as
W˜ 3µν and A˜µν , allows one to rewrite the Lagrangian (5.2) in a form that contains either mass
mixing only or current mixing only, respectively. In the current-mixing form the Lagrangian
will be seen to coincide with the Hung-Sakurai Lagrangian.
One easily verifies by direct substitution that the transformation
(
B
W3
)
=


1√
1−ǫ2
WB
0
−ǫWB√
1−ǫ2
WB
1

( B′
W ′3
)
(5.3)
removes the current-mixing term in (5.2), modifies the mass matrix by terms that depend
on ǫWB and introduces an interaction of the hypercharge field, B
′
µ, with the third component
of the weak isospin current, J3µ, i.e., the neutral current part of (5.2) becomes
LN = −1
4
W ′
3
µνW
′
3
µν − 1
4
B′µνB
′µν
+
1
2
M2W (B
′ W ′3 )
µ


(
g′
g +ǫWB
)2
1−ǫ2
WB
−
g′
g +ǫWB√
1−ǫ2
WB
−
g′
g +ǫWB√
1−ǫ2
WB
1


(
B′
W ′3
)
µ
−gW ′µ3 J3µ − g′B′µ

− g
g′
ǫWB√
1− ǫWB
J3 +
1√
1− ǫ2
WB
JY


µ
. (5.4)
Now consider the Hung-Sakurai model [17]. In this model, global SU(2) weak isospin
symmetry is broken by electromagnetism. This breaking is of the strength λ and is imple-
mented by a current-mixing term. There is no mass mixing; instead, the third component
of the weak isospin W -triplet has the mass MW , as required by global SU(2) invariance.
The Hung-Sakurai Lagrangian is thus given by
LH.S. = −1
4
W iµνW
µν
i −
1
4
F˜µνF˜
µν +
1
2
M2WW
i
µW
µ
i − gJ iµW µi − eJe.m.µ A˜µ + Lmix,
Lmix = −1
2
λF˜µνW˜
µν
3 , W = (W1,W2, W˜3), (5.5)
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where
Je.m. = J3 + JY . (5.6)
To see the equivalence of the Lagrangians in (5.2), (5.4) with (5.5), the mass-mixing term in
(5.4) has to be replaced by a current-mixing term of appropriate strength. The replacement
is achieved by applying a transformation to the fields in (5.4) which coincides with the
inverse of (5.3), apart from replacing ǫWB by a new parameter, λ, viz.,
(
B′
W ′3
)
=
(√
1− λ2 0
λ 1
)(
A˜
W˜3
)
. (5.7)
The parameter λ has to be chosen such that the mass mixing disappears and the primordial
photon field, A˜, couples to the electromagnetic current. Upon substituting (5.7) into (5.4),
one finds that indeed (5.4) is converted into the form (5.5), provided λ is chosen as
λ = λ(g, g′, ǫWB) =
g′
g + ǫWB√
1 + 2g
′
g ǫWB +
(
g′
g
)2 (5.8)
and e is identified with
e = e(g, g′, ǫWB) = g
′
√
1− λ2√
1− ǫ2
WB
. (5.9)
Passing to e, g,MW and λ as basic parameters of the theory and using (5.9) to eliminate g
′,
we may express λ as
λ = λ(e, g, ǫWB) =
e
g
(1− ǫ2
WB
) + ǫWB
√√√√1−
(
e
g
)2
(1− ǫ2
WB
). (5.10)
Using this form of λ allows one to represent the Hung-Sakurai Lagrangian (5.5) in terms
of e, g,MW and the B
µνW 3µν current-mixing strength ǫWB in (5.2). We note the linear
approximation of (5.10),
λ =
e
g
+ ǫWB
√√√√1− e2
g2
+O(ǫ2
WB
). (5.11)
On the other hand,
λ =
e
g
(1− ǫ), (5.12)
where ǫ is identical to the parameter introduced in [18]. Thus
ǫ = −ǫWB


√
g2
e2
− 1 + ǫ2
WB
− ǫWB


= −ǫWB g
e
√√√√1− e2
g2
+O(ǫ2
WB
). (5.13)
The parameter −ǫ coincides [18] with the non-standard contribution to the frequently used
parameter ǫ3 [31].
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The transition to the physical fields, i.e., simultaneous diagonalization of the mass and
the kinetic term [30], may be carried out either by applying the transformation
(
B
W3
)
=


√
1− 2λeg +
(
e
g
)2 −
√
1− 2λeg +
(
e
g
)2
λ√
1− λ2
e
g
1− λeg√
1− λ2


(
A
Z
)
(5.14)
to the Lagrangian (5.2) or by applying
(
A˜
W˜ 3
)
=

 1 −
λ√
1− λ2
0 1√
1− λ2

(A
Z
)
(5.15)
to the Lagrangian (5.5). One obtains8 (in the neutral sector)
LN = −1
4
ZµνZ
µν +
1
2
M2W
1− λ2ZµZ
µ
−1
4
FµνF
µν − g√
1− λ2 (J
3 − λe
g
Je.m.)µZµ − eJe.m.µ Aµ. (5.16)
Clearly, (5.16) differs from the standard theory by the parameter λ, i.e., we have MW , e, g
and λ(e, g, ǫWB) as basic parameters.
From (5.16), one reads off that sin2 θW , defined as the negative ratio of the coefficients
of Je.m. and J3 in (5.16), is in this model given by
sin2 θW = λ
e
g
, (5.17)
while the mass of the Z0 turns out to be
M2Z =
M2W
1− λ2 . (5.18)
Introducing the Fermi coupling, GF ,
g2 =
8M2WGF√
2
, (5.19)
and using (5.17) and (5.18), we may replace the input parameters e, g, λ andMW by the set
α,GF ,MZ and MW . One obtains
sin2 θW =
√√√√ πα√
2GFM
2
Z
(
M2Z
M2W
− 1
)
, (5.20)
or, by solving for M2W ,
M2W =
M2Z
1 +
√
2GFM
2
Z sin
2 θW
απ
. (5.21)
8This effective Lagrangian is the same as the one obtained (in a certain limit) from a theory with an
additional vector-boson triplet, V ±, V 0, associated with an SU(2)V local symmetry [18, 32].
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The relation between ǫWB and the set α,GF ,MZ and MW is contained in (5.18), (5.10) and
(5.19). By solving for M2W one obtains
M2W
M2Z
=
1− ǫ2
WB
− 2BǫWB
√
1− ǫ2
WB
2
+
(
1− ǫ2
WB
)√√√√1
4
−B2 − BǫWB√
1− ǫ2
WB
, (5.22)
where B is defined by
B ≡
√
πα√
2GFM
2
Z
. (5.23)
For small ǫWB we have
M2W
M2Z
=
1
2
+
√
1
4
− B2 −B
(
1 +
1√
1− 4B2
)
ǫWB +O(ǫ
2
WB
). (5.24)
The parameter ǫ introduced in (5.12) may be written as a function of sin2 θW ,
ǫ(sin2 θW ) = 1− sin
2 θWB
−2
1 + sin4 θWB
−2
, (5.25)
or, alternatively, as a function of MW ,
ǫ(MW ) = 1−
√√√√√2GFM2W
απ
(
1− M
2
W
M2Z
)
, (5.26)
and (5.13) becomes
ǫWB = −ǫ sin θW√
1− sin2 θW
+O(ǫ2). (5.27)
5.2 Observability of LWB
When deducing ǫ from the empirical data on the W-mass, the LEP 1 and the low-q2 data,
radiative corrections have to be taken into account. The dependence of the radiative cor-
rections on the (unknown) value of the top-quark mass, mt, implies a dependence on mt [4]
of the value of ǫ deduced from the data. A careful two-parameter fit [18] gave the result
ǫ = (0.48± 0.61) · 10−2
mt = (114± 32)GeV. (5.28)
This result was based on a fit to the combined LEP 1 data [33], the W-mass measurement
[34], and the low-q2 data [35]. A new evaluation based on the most recent LEP 1 data
will significantly diminish the error in the determination of ǫ. Such a fit will be presented
elsewhere.
In the present paper, we will restrict ourselves to a brief discussion of the dependence
of the error in the determination of ǫ resulting from the experimental errors in MW and
sin2 θW keeping mt fixed.
When deducing ǫ from a measurement of the W-mass, one finds from (5.26) for the error,
∆ǫ, of ǫ
∆ǫ(MW ) =
c2 − s2
s2c
∆MW√
ρMZ
+O(ǫ∆ǫ) ≃ 0.0289GeV−1∆MW , (5.29)
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where s2 = 1− c2 is the standard weak angle evaluated with the replacements (e.g. [4])
α(0)→ α(M2Z) ≃
1
128.9
(5.30)
and
M2Z → ρM2Z , (5.31)
i.e., s2 is obtained from
s2c2 =
πα(M2Z)√
2GFρM
2
Z
≡ B˜2 (5.32)
by solving for s2,
s2 =
1
2
−
√
1
4
− B˜2. (5.33)
The replacements (5.30) and (5.31) take into account radiative corrections with sufficient
accuracy for the present purpose of estimating the accuracy with which ǫ can be determined
from the data. A dependence on mt enters in (5.29) via the mt-dependence of the ρ-
parameter (e.g., [4]). The value of ∆ǫ, however, changes by less than 4% if mt is varied
from 100 GeV to 200 GeV. The numerical evaluation of (5.29), using the present error in
the W-mass measurement [34],
MW = 80.13± 0.27GeV, (5.34)
and the accuracy in MW of ∆MW = 60GeV to be expected (e.g., [36]) from LEP 2, yields,
respectively,
∆ǫ(MW ) =
{
0.78 · 10−2 for ∆MW = 270GeV
0.17 · 10−2 for ∆MW = 60GeV. (5.35)
The corresponding value of ǫWB, according to (5.27), is given by
∆ǫWB ≃ −0.55∆ǫ. (5.36)
In an analogous manner, from (5.25), we obtain for ∆ǫ as determined from the measure-
ment of sin2 θW ,
∆ǫ(sin2 θW ) = −c
2 − s2
s2
∆sin2 θW +O(ǫ∆ǫ) ≃ −2.31∆ sin2 θW . (5.37)
Here, sin2 θW is the weak mixing angle at the Z
0-mass obtained from the vector and axial
vector couplings of the Z0 to leptons, i.e.,
sin2 θW ≡ s¯2W (M2Z) =
1
4
(
1− g
l
V
glA
)
. (5.38)
Inserting for ∆s¯2W the error deduced from the charged lepton forward-backward asymmetries,
using the LEP 1 results given in [33] and the most recent ones given in [37], as well as the
future accuracy expected by combining LEP 1 and SLC data [1], we obtain, respectively,
∆ǫ(sin2 θW ) =


0.72 · 10−2 for ∆s¯2W = 0.0031 (from AlFB = 0.0138± 0.0049)[33],
0.28 · 10−2 for ∆s¯2W = 0.0012 (from AlFB = 0.0164± 0.0021)[37],
0.09 · 10−2 for ∆s¯2W = 0.0004 [1].
(5.39)
With the assumption that the value of ǫ obtained from a careful fit of the available data
will allow for ǫ = 0 to lie within the error bars given by (5.35) and (5.39), the strength of
a possible SU(2)L violation in vector-boson fermion couplings, ǫ · e [4], will be restricted in
magnitude to a value of the order of 0.2 · 10−2e.
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5.3 Trilinear Gauge-Boson Self-Interactions Induced by LWB
The term LWB has direct and indirect effects on the self-couplings, leading to non-
standard values of gZWW , κγ and κZ . The direct effects are due to the trilinear interactions
BµνW
+µW−ν contained in LWB. The indirect effects are due to mixing between W µ3 and
Bµ, which also affects the self-couplings in LSM . With δZ being defined as the deviation
from the standard case, viz.,
δZ ≡ gZWW (e, g, λ)− gZWW (e, g, λ = e
g
)
= gZWW (e, g, λ)−
√(
g
e
)2
− 1, (5.40)
one finds
δZ =
g
e
√
1− λ2
(
1− λe
g
)
−
√(
g
e
)2
− 1,
xγ = λ
g
e
− 1,
xZ = − λ√
1− λ2
(
λ
g
e
− 1
)
, (5.41)
i.e., using (5.18), xZ is given in terms of xγ by
xZ = −xγ
√√√√(MZ
MW
)2
− 1. (5.42)
Such a proportionality of xZ to xγ is expected, as intrinsic SU(2)L violation (of the form
(3.4)) is absent in LWB. Also passing to the basic input parameters α,GF ,MZ and MW in
δZ and xγ , we have
δZ =
1
sin2 θW

cos2 θW
√√√√(MZ
MW
)2
− 1−
√√√√1− (MW
MZ
)2
− sin4 θW


xγ =
1
sin2 θW
(
1−
(
MW
MZ
)2)
− 1, (5.43)
where sin2 θW in terms of α,GF ,MZ and MW is given by (5.20). Alternatively, by substi-
tuting MW from (5.21), one may express (5.42), (5.43) in terms of α,GF ,MZ and sin
2 θW
as basic parameters. Note that all parameters in (5.42), (5.43) can be measured inde-
pendently of observing e+e− → W+W−. Obviously, the standard model self-interactions,
δZ = xγ = xZ = 0, are recovered if the standard relation
sin2 θW = 1− M
2
W
M2Z
(5.44)
is fulfilled. In this case, with (5.20), (5.21) MW and sin
2 θW are determined by α,GF and
MZ alone.
We note that also the vector-boson self-interactions (5.42) and (5.43) following from the
Lagrangian (5.1) are the same as those obtained in the Hung–Sakurai model [17]. There, the
vector-boson self-interactions are introduced by replacing the field-strength tensor Wµν in
(5.5) by the non-Abelian one and then coupling the primordial photon field, A˜µ, minimally
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to the W µ field via replacing the derivatives on the W field by covariant ones with respect
to the electromagnetic gauge freedom.
Also with respect to the quadrilinear vector-boson self-interactions, this minimal sub-
stitution procedure of the Hung-Sakurai model leads to the same results as implied by the
Lagrangian (5.1).
5.4 Effects of LWB on e+e− →W+W−
The modifications in the trilinear couplings of the vector bosons among each other and of
the vector bosons to the fermions caused by the presence of LWB lead to deviations from the
standard model predictions in the high-energy behaviour of the amplitudes for the process
e+e− → W+W−. The deviations are fairly modest, however. The high-energy behaviour of
the helicity amplitudes, both for the production ot two longitudinal and of two transverse W-
bosons, is the same as in the standard case, i.e., O(s0). This decent high-energy behaviour in
the presence of the non-standard couplings (5.42) and (5.43) is due to cancellations among
the non-standard effects arising from the fermion–vector-boson and the trilinear bosonic
vertices. The only deviation from the standard-model high-energy behaviour occurs in the
amplitudes for the production of one longitudinal and one transverse W-boson which grow
as
√
s and, for s≫ 4M2W , are given by
MLT (σ, τ, q) = e
2
2
√
2
√
sM2Z
M2W
F (σ) (q − στ cosϑ) , (5.45)
where
F (1) = λ
g
e
− 1 = −ǫ
F (−1) = 3
2
λ
g
e
− 1− 1
2
(
λ
g
e
)2
= − ǫ
2
+O(ǫ2). (5.46)
In (5.45), σ = −1 and σ = +1 refer to lefthanded and righthanded electrons, respectively.
The helicity of the transverse W± is denoted by τ = ±1. Finally, the amplitude also
depends on which one of the two W-bosons, the one with charge q = +1 or the one with
charge q = −1, is in the transverse polarization state. As the amplitude in (5.45) is the only
one with non-standard high-energy behaviour, and as the growth with
√
s is a modest one, a
determination of ǫ (or, equivalently, ǫWB,) from the non-standard high-energy behaviour will,
at LEP 2 or NLC energies, not reach the above-mentioned precision based on measurements
of sin2 θW and the W-mass.
We note that the good high-energy behaviour of the model with LWB also follows from
its equivalence (apart from the Higgs-interactions) to the Hung-Sakurai model. This latter
model is known [17] to have good high-energy behaviour apart from the
√
s growth of
the longitudinal-transverse amplitude in (5.45). The fairly good high-energy behaviour,
accordingly, cannot be traced back to an underlying SU(2)L × U(1)Y gauge invariance (in
disagreement with a statement in [16]), as this invariance is violated in the Hung-Sakurai
model. In fact, it is stressed by these latter authors that the absence of O(s) terms even
holds when, as a consequence of λ 6= e/g, SU(2)L ×U(1)Y symmetry is violated. It is true,
however, that any departure from (5.41), (5.42) leads to a considerably stronger growth [16]
of the high-energy helicity amplitudes than shown in (5.45).
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5.5 Gauge-Boson Self-Interactions in the Full Model
We turn to a brief analysis of the full Lagrangian
Leff = LSM + (ǫW g
M2W
LW + ǫWΦ g
M2W
LWΦ + ǫBΦ g
′
M2W
LBΦ + ǫWB g
2
M2W
LWB). (5.47)
which includes W 3B mixing.
5.5.1 Trilinear Gauge-Boson Self-Interactions
It will be convenient to use λ(e, g, ǫWB) from (5.10) instead of ǫWB when giving the ex-
pressions for the trilinear couplings. In terms of e, g, λ(e, g, ǫWB) and ǫBΦ, ǫWΦ and ǫW , one
finds
δZ =
g
e
√
1− λ2
(
1− λe
g
+ ǫWΦ
)
−
√(
g
e
)2
− 1
xγ = λ
g
e
− 1 + ǫWΦ + ǫBΦ
xZ = − λ√
1− λ2
(
λ
g
e
− 1 + ǫWΦ + ǫBΦ
)
yγ = ǫW
yZ = ǫW
g
e
1− λeg√
1− λ2 . (5.48)
One immediately convinces oneself that the non-standard couplings previously given in
(3.12), (3.13) and (4.3), (4.4) are recovered from (5.48) in the limit of λ = e/g = sin θW which
corresponds to ǫWB = 0 (compare (5.10) and (5.17)). Even for λ 6= e/g (ǫWB 6= 0), however,
from (5.48), one immediately sees that xZ is proportional to xγ , while yZ is proportional
to yγ. The proportionality of these couplings, previously (for ǫWB = 0) given in (3.13) and
(4.4), thus remains valid even in the presence of the addition of LWB in (5.47). Note that
this result (which is not based on any approximation) is non-trivial insofar as LWB contains
BW3 mixing as well as direct non-standard BW
+W− couplings. Using (5.17) and (5.18)
the proportionality relations contained in (5.48) become
xZ = −xγ
√√√√(MZ
MW
)2
− 1,
yZ = yγ
cos2 θW
sin2 θW
√√√√(MZ
MW
)2
− 1. (5.49)
They only differ from the case of ǫWB = 0 in the values of the proportionality constants which
in the present case depend on α,GF ,MZ and a fourth free parameter, e.g., MW (compare
(5.22)) or sin2 θW (compare (5.20)). As α,GF ,MZ as well as MW can be determined in-
dependently of a measurement of the couplings of the vector bosons to each other, and as
ǫWB 6= 0 only changes the magnitude of the factors in (5.49), the presence or absence of LWB
in (5.47) is fairly irrelevant for the phenomenology of the couplings among the vector bosons.
Quite independently of the presence or absence of ǫWB, there are three independent trilinear
couplings, δZ , xγ and yγ, while xZ and yZ are proportional to xγ and yγ, respectively. This
conclusion is quantitavely, but not qualitatively, changed by the fact that actually ǫWB is
strongly constrained anyway (compare (5.28)) by LEP 1 measurements.
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5.5.2 Quadrilinear Gauge-Boson Self-Interactions
The above argument goes through for quadrilinear gauge-boson self-interactions as well.
This is, however, not so surprising, as the presence of LWB has only indirect influence
on these couplings, in distinction from the case of the trilinear couplings. The couplings
given by (4.12) can be expressed in terms of the two free parameters ǫWΦ and ǫW , and they
generalize in the full model to
L4GB(λ, ǫWΦ, ǫW ) = −e2(AµAµW+ν W−ν − AµAνW+µW−ν)
−2e2
√√√√M2Z
M2W
− 1cos
2 θW
sin2 θW
(
1 +
ǫWΦ
cos2 θW
)
(AµZ
µW+ν W
−ν − 1
2
AµZν(W
+µW−ν +W−µW+ν))
−e2
(
M2Z
M2W
− 1
)
cos4 θW
sin4 θW
(
1 + 2
ǫWΦ
cos2 θW
)
(ZµZ
µW+ν W
−ν − ZµZνW+µW−ν)
+
g2
2
(1 + 2ǫWΦ) (W
+
µ W
−
ν W
+µW−ν −W+µ W−ν W−µW+ν)
+e2
ǫW
M2W
{
[AµA
µλ(W+νW−νλ +W
−νW+νλ)
+AµAνλ(W
+νW−λµ +W−νW+λµ)]
+
√√√√M2Z
M2W
− 1cos
2 θW
sin2 θW
[(AµZ
µλ + ZµA
µλ)(W+νW−νλ +W
−νW+νλ)
+(AµZνλ + ZµAνλ)(W
+νW−λµ +W−νW+λµ)]
+
(
M2Z
M2W
− 1
)
cos4 θW
sin4 θW
[ZµZ
µλ(W+νW−νλ +W
−νW+νλ)
+ZµZνλ(W
+νW−λµ +W−νW+λµ)]
}
+g2
ǫW
M2W
(W+µ W
+µλW−νW−νλ −W+µ W−µλW−νW+νλ). (5.50)
Again, the modifications due to arbitrary λ only become manifest in the mismatch between
1− sin2 θW and the mass ratio.
6 Conclusion
A priori, upon excluding C- and P-violation, there exist three dimension-four and two
dimension-six trilinear couplings among the electroweak vector bosons, and there exists a
large number of quadrilinear couplings.
As is well-known, via the minimum requirement that global SU(2) symmetry only be
broken by electromagnetism, the number of dimension-four couplings is reduced from three
to two by relating the weak and electromagnetic dipole moments of theW± to each other. At
the expense of introducing dimension-six terms with non-standard Higgs-boson couplings,
we have shown that the above two-parameter dimension-four interactions can be embed-
ded into a spontaneously broken SU(2)L × U(1)Y theory. This embedding is irrelevant for
the phenomenological exploration of vector-boson self-couplings by direct measurements of
vector-boson production in e+e− annihilation. The inclusion of non-standard Higgs interac-
tions assures decent one-loop corrections to LEP 1 observables, however, and, accordingly,
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serves as an example of how the above two-parameter model for trilinear and quadrilinear
boson couplings can be made consistent with LEP 1 empirical results.
The trilinear quadrupole couplings, in their well-known single-parameter form, are in-
variant under local SU(2)L × U(1)Y transformations and, accordingly, there is no need for
non-standard Higgs terms.
The standard SU(2)L×U(1)Y theory with its celebrated renormalization properties ob-
viously constitutes the simplest extension of our present empirical knowledge with respect
to the empirically unknown trilinear and quadrilinear interactions of the vector bosons with
one another. Good arguments may indeed be put forward for the realization of these stan-
dard interactions in nature. The dimension-six three-parameter alternative of the present
paper is to be considered as an example of how non-standard (trilinear) couplings, only
restricted by a minimum amount of SU(2) symmetry, can nevertheless coexist with LEP 1
precision data. Direct measurements of these couplings will be indispensable, if one desires
to fully reveal the nature of the electroweak vector bosons.
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